Tryptophanase, L-tryptophan indole-lyase with extremely absolute stereospecificity, can change the stereospecificity in concentrated diammonium hydrogenphosphate solution.
Introduction
Life makes exclusive selection of L-amino acids from DL-amino acids to establish the homochiral biological world. It is enzyme stereospecificity that undertakes this very difficult task. If the enzyme stereospecificity is ambiguous or unstable, the right type of two antipodes cannot be accurately selected. When a polypeptide is randomly-mixed with L-and D-amino acid, it is impossible to build up a protein with regularly-folded stereostructure because the polypeptide chain cannot be elongated in an enantiometrically racemic mixture [1] . The enzyme stereospecificity must be both stable and absolute. This absoluteness is important in biosynthesis rather than in biodegradation. A stable supply of homochiral molecules is especially essential in synthesizing biological substances with a highly-organized stereostructure such as protein or polysaccharide. In other words, life cannot survive without the stereospecificity [2] . Thereby, we have a prevailing orthodoxy that the invariance principle of it goes on for eternity. However, there is no theoretical evidence to support the principle. Few related discussions have been presented about the characterization of the stereospecificity. The major theory is three-point theory [3] , but it is difficult to understand the whole picture of complex asymmetric interactions between substrate and many amino acid residues participating at the enzyme active site on the basis of this theory [4] . Unfortunately, an understanding of the stereospecificity has still remained ambiguous. Further study will be required to define chiral recognition precisely.
We have so far studied the stereospecificity of tryptophanase (TPase), with the aim of acquiring a better understanding of the stereospecificity. TPase is an enzyme with extremely tight stereospecificity, cleaving L-tryptophan into indole, pyruvate and ammonia. Despite broad substrate specificity to many other β-substituted L-amino acids and their analogs [5] , TPase exhibits no activity on D-tryptophan. However, it becomes active to D-tryptophan degradation in highly concentrated diammonium hydrogen phosphate (DAP) solution, which fact indicates that TPase has flexible stereospecificity.
The details of this reaction are presented elsewhere [6] [7] [8] [9] . In the studies focused on the origins of life, synthetic reactions have greater significance than degradative reaction because life is thought to be born as the result of accumulation of countless homochiral synthetic reactions. It is logical to think that enzyme stereospecificity should be more precise in synthesis than degradation in chiral selection of biomolecules for survival. In this context, it seems to become more difficult to find the flexible stereospecificity in synthesis reactions. Nonetheless, we attempt to seek out because it is expected to be invaluable in the study of the origin of homochirality. So, we have our eyes on TPase-bound α-aminoacylate as an intermediate common to both D-tryptophan degradation and tryptophan synthesis from L-serine [10] . TPase can synthesize L-tryptophan from L-serine and indole via the intermediate by β-substitution reaction with ping-pong type mechanism [11] . TPase also has absolute stereoselectivity in this synthesis, and thereby no activity on D-serine. However, DAP induces stereoselective conversion to make D-tryptophan active, and then D-tryptophan is degraded to indole via the intermediate [12] . It is rational to deduce that TPase receives the same change from DAP in tryptophan synthesis. If D-serine binds with TPase to form TPase-bounded α-aminoacylate in the presence of DAP, it seems quite likely that tryptophan will be synthesized from D-serine with added indole. In fact, we previously reported L-tryptophan was synthesized from D-serine [13] . However, this reaction pathway has remained undetermined. There are three possible pathways in the reaction. The first possible pathway is L-tryptophan synthesis through chemical D-serine racemization.
This means that not D-serine but L-serine participates in the synthetic reaction. The second one is a β-elimination reaction through which the C β -OH of D-serine is eliminated with deamination to form pyruvate, which is recombined with indole and ammonia to produce L-tryptophan. β-replacement reaction by which the C β -OH is substituted to indole is lastly proposed. This paper aims to determine which reaction pathway synthesizes L-tryptophan from D-serine in the presence of DAP. washed by soaking for more than three days in a detergent, Clean 99 CL, and were thoroughly rinsed and then dried in an oven. All aqueous solutions were prepared from deionized and ceramics-distilled water.
Materials and methods

Materials and reagents
Tryptophan production from D-and L-serine
100 mM potassium phosphate buffer of pH 8. 5′-phosphate were eluted as a sharp large peak near void volume.
Fluorescence and circular dichroism photometer
at 395 nm) is a hydrophobic fluorescent probe indicating the existence of mM pyridoxal 5′-phosphate. These aliquots were left to stand at room temperature for at least 15 min before measurement, and then placed in a cuvette in a fluorescence spectrophotometer (Hitachi F4500, Tokyo, Japan). Emission from 420 to 650nm was measured at an excitation wavelength of 395 nm [17] . The fluorescence of bis-ANSbound TPase was calculated by subtracting a blank prepared identically but without
TPase. Relative fluorescence intensity was measured in arbitrary units.
In a circular dichroism spectrophotometer (J805, Jasco, Tokyo, Japan), a 300 μL solution including PB, 1.2 M MAP or DAP with 0.46 µM apoTPase and 1.1 mM pyridoxal 5′-phosphate was injected in a 0.1 cm path length cell. Spectra were recorded at wavelengths from 200 to 400 nm at room temperature. Five scans were accumulated per spectrum, averaged, and expressed as molar ellipticity in degrees cm 2 dmol −1 . The CD spectra were analyzed with a CDPro software package and calculated by subtracting a blank prepared identically but without TPase.
Determination of enantiomeric form of D-serine
Prior to experiment, perchloric acid was added dropwise to a few liters of distilled water with vigorous stirring at room temperature until pH decreased to 2.0, and used as an eluent for HPLC. Reaction mixture including D-serine, 1.2 M DAP and pyridoxal 5′-phosphate was exposed to 60 ºC for 6 hr. The reaction mixture was filtered through Amicon Ultra Centrifugal Filters cutting more than MW 3000 (Millipore, Corrigtwohill, 
Results and discussion
Determination of L-tryptophan synthesized from L-or D-serine
As seen in the middle of Figure 1 D-tryptophan appeared on the negative side in ellipticity, but L-tryptophan on the positive side in Fig. 2(b) . When TPase reacted with L-serine in Fig. 2(c) , a peak with a retention time of 30 min appeared and its ellipticity was positive ( Fig. 2(d) ). This indicated the peak was L-tryptophan. While TPase could synthesize nothing from D-serine in the absence of DAP (Fig. 2(e) ), it could synthesize a reaction product with positive ellipticity at a retention time of 30 min, L-tryptophan, from D-serine in the presence of DAP (Fig. 2(f, g) ). The present analytical methods were powerful enough to determine L-tryptophan synthesized from D-serine.
Optimal conditions of L-tryptophan synthesis from D-serine
As the previous report [13] 
Spectrophotometerical analyses of conformational change
Tryptophanase is originally an enzyme with absolute stereospecificity towards L-tryptophan or L-serine. However, Fig. 3 and 4 showed the activity on D-serine emerged in the presence of DAP. If we explain this cause on the basis of Popjak's three point theory [3] , TPase conformation must be drastically upset to activate D-serine antipodal to L-serine. We investigated how the protein conformation changed by use of both fluorescence and circular dichroism spectrophotometers. The relative fluorescence intensity of bis-ANS-bound TPase was measured in PB, MAP or DAP solution of 1.2 M.
Since there was the possibility that the small difference of fluorescent spectra might be produced by the difference of polarity of the solvent, we compared the fluorescence spectra of TPase-free DAP and PB solutions to check it prior to measurement. No fluorescence was emitted in either solution. Fluorescent spectrum didn't depend on the polarity. Fluorescence intensity was the highest in MAP, followed by DAP and PB ( 
Possibility of D-serine racemization
There may be the possibility that D-serine exposed to 60 ºC for 6 hr in 1.2 M DAP solution is racemized to L-serine. Thus, we studied carefully by circular dichroism spectrometry whether or not D-serine was chemically racemized into L-serine in this 14 reaction condition. 20 mM DL-serine was first resolved for control on a Crownpack CR (+) HPLC column (Figure 7(a) ). D-and L-serine were eluted at retention times of 19 min and 23 min, respectively. D-serine appeared on the negative side, and L-serine on the positive side. 10 mM D-serine that was exposed to 60 ºC for 6 hr in 1.2 M DAP was subsequently resolved. If L-serine is produced by D-serine racemization, any peak should be found on the positive side at or near a retention time of L-serine designated by arrow. But no positive peak was seen there (Figure 7(b) ). This result indicated that D-serine was not racemized at all. We confirmed that D-serine served as a substrate to synthesize L-tryptophan.
Enzymatic Assay of pyruvate production from D-serine
Tryptophanase can degrade L-serine into pyruvate through β-elimination [22] . indole to produce L-tryptophan by β-replacement with competitive suppression of pyruvate production [24] . Indole is a strong inhibitor of β-elimination on pyruvate formation from L-serine. Although TPase strikingly has the broad substrate specificity in which pyridoxal 5'-phosphate plus metal ions catalyze pyruvate formation from L-serine, L-cysteine, and many other β-substituted amino acids, and also the synthesis of tryptophan from L-serine and indole, there is no possibility that D-serine serves as substrate in these degradation and synthesis reactions [25] . However, it is not the case when DAP exists. In Fig. 8 , pyruvate production was calculated on the basis of the decrease of optical density at 340 nm responsive to the oxidation reaction from NADH to NAD + that was coupled to the reduction reaction from pyruvate to lactate by lactate dehydrogenase. When TPase reacted with D-serine at 60 ºC for 8 hr in the presence of 1.2 M DAP, pyruvate was increasingly produced with reaction time (Fig. 8(a) ).
Pyruvate production from D-serine was quantitatively near to L-tryptophan production in Fig. 3 and 4 . TPase can also synthesize L-tryptophan from indole, pyruvate and ammonium [26] , and so there may be the possibility that pyruvate from D-serine is reused for L-tryptophan synthesis. We investigated TPase activity on pyruvate production towards various concentrations of indole. Fig. 8(b) showed it decreased against increasing indole concentrations to halt perfectly over 5 mM of indole. In Fig 3 and 4, L-tryptophan synthesis was analyzed at 5.4 mM of indole, whose concentration fell into a condition of the perfect cessation of the pyruvate formation. reaction is the same reaction pathway as tryptophan synthase, though no structural similarity is detected between the two enzymes [27, 28] . In Fig. 3 Thus, we confirm that L-tryptophan synthesis from D-serine takes place via the β-replacement reaction pathway.
Reaction pathway of L-tryptophan synthesis from D-serine
Unexpectedly-low barrier excluding D-amino acid from L-amino acid
Tryptophanase is so flexible that domain shifts can be observed with the holo form
found in an open conformation and the apo form in open, wide-open, or closed conformation depending on the nature of different bound ions [29] . TPase produces the broad substrate specificity on many β-substituted L-amino acids owing to the conformationally-flexiblity. As far as the stereospecificity is concerned, it remains unchanged. Many enzymes are known to bind both enantiomeric forms of a substrate.
When the catalytic reaction is restricted to one enantiomer, the other enantiomer, although bound to the active site, is inert or it functions as an inhibitor [4, 30] .
Generally speaking, it is impossible to transform a D-amino acid into an active substrate.
Additionally, synthetic reactions will especially require more absolute stereospecificity than degradative reactions because the former is the reaction to create life, which makes it more difficult to find versatile stereospecificity in the synthesis reaction. However, Although it is reasonable to predict that L-dominant asymmetric selection system can only be built on a solid foundation of absolute enzyme stereospecificity, in fact quite the contrary happened. We should break away from the conventional idea that the enzyme stereospecificity has absolute immutability and stability. The enzyme stereospecificity is underpinned by a delicate balance between conformation and saline environment.
Although we have yet to elucidate how the exclusive selection of L-amino acid, or the origin of homochirality occurred in primitive earth, this study suggests the saline environment is one significant factor to produce chiral homogeneity. Our results that show D-serine is catalyzed as a substrate in the synthesis reaction, providing a good clue to solve this difficult problem. 
Conclusion
